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ABSTRACT 

The eighteen amino acids common t o  pro te in  have been 
simultaneously condensed through t h e  N-carboxy anhydrides. 
Nine of these  monomers had f i r s t  t o  be s p e c i a l l y  protected 
by groups which could subsequently be removed i n  a s i n g l e  
operat ion.  The polymer obtained resembles i n  q u a n t i t a t i v e  
composition an average na tu ra l  p ro te in .  The n u t r i t i o n a l  
and o the r  s ign i f i cances  of t h i s  type of polymer a r e  
discussed. 
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Anhydrocopolymers of a-amino ac ids  prepared from t h e  
Leuchs anhydrides serve as  models of p ro te in  ( 1 , 2 ) .  Thermal 
copolyanhydro-a-amino ac ids  a l s o  serve as models of p ro te in  
(3-5) . One unique aspec t  of t h e  thermal copolymers i s  t h a t  
they may be produced so as e a s i l y  t o  include simultaneously 
s o m e  proportion of each of t h e  eighteen t o  twenty amino ac ids  
common t o  pro te in .  These lat ter polymers are comparable t o  
p ro te in  i n  that they possess n u t r i t i v e  p rope r t i e s  fo r  t h r e e  
spec ie s  tested (3,6,7), some types of c a t a l y t i c  a b i l i t y  
(e.g. 8 , 9 ) ,  and o t h e r  p rope r t i e s  such as p o s i t i v e  response 
to classical cslor tests fclr p r o t e i 3  (10). Sorne of t h e  
characteristics of such polymers, such a5 c a t a l y t i c  type of 
a c t i v i t y ,  a r e  absent i n  the amino ac ids  of which t h e  syn the t i c  
polymers a re  composed. Such a d i f f e rence  i s  of course analo- 
gous t o  t h a t  which ex is t s  between p ro te ins  and t h e i r  contained 
a-amino acids .  

I n  p ro te in  n u t r i t i o n ,  t h e  need for  simultaneous ava i l -  
a b i l i t y  of a v a r i e t y  of amino a c i d s  has long been known, 
from s t u d i e s  w i t h  mixtures of free amino ac ids  (11). The 
same need has been recognized f o r  amino acids bound i n  e i t h e r  
a n a t u r a l  o r  syn the t i c  polymer (3,11,12).  One s p e c i a l  value 
of maintaining caloric balance by feeding amino a c i d s  as 
polymers, r a t h e r  than i n  t h e  f r e e  state,  has been pointed o u t  
by W. C. R o s e  (13). The f a c t  a lso t h a t  f r e e  amino ac ids  may 
not  be t o l e r a t e d  as r e a d i l y  as a r e  p ro te ins  has also long 
been known; forced feeding of p ro te in  hydrolyzates has,  f o r  
example, been required i n  experiments w i t h  l abora tory  
animals (14). 

Inasmuch as thermal pro te inoids  can p a r t i a l l y  m e e t  the 
need f o r  simultaneous n u t r i t i o n  with amino ac ids  l inked  by 
pept ide  bonds, t h e  preparat ion of pro te inoids  through t h e  
Leuchs procedure i n v i t e d  a t t e n t i o n  f o r  t h i s  i n v e s t i g a t i o n a l  
purpose a l so .  The Leuchs polymers o f fe red  t h e  promise of 
supe r io r  n u t r i t i o n a l  q u a l i t y  s i n c e  t h e  amino acids would be 
expected t o  have undergone less racemization than those con- 
densed by heat ing.  The l a t t e r  polymers can serve also as 
use fu l  materials f o r  comparison with t h e  thermal type. I n  
addi t ion ,  Leuchs polymers can be expected t o  y i e l d  composi- 
t i o n s  resembling those  of natural p r o t e i n s  m o r e  c l o s e l y  than 
do t h e  thermal products.  

I n  order  t o  p a t t e r n  t h e  composition of a Leuchs polymer 
a f t e r  t h a t  of an average pro te in ,  a set of p r o t e i n  composition 
va lues  obtained from a survey of p u r i f i e d  p r o t e i n s  w a s  used 
(15) .  A f t e r  the  amino acid p r o f i l e  of t he  hydrolyzate of t h e  
Leuchs pro te inoid  w a s  obtained, it w a s  compared with t h a t  o f  

i 
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a c r y s t a l l i n e  p ro te in  recorded i n  the  l i t e r a t u r e .  The p r o f i l e  
f i r s t  found i n  t h i s  search, and t r aced  i n  t h i s  paper, w a s  t h a t  
of t h e  a-amylase of Bac i l lu s  stearothermophilus ( 1 6 ) .  

foreseen t o  y i e l d  t h e  desired polymers. For  example, i n  t h e  
syntheses  repor ted  in this paper, debenzylation of S- 
benzylcysteine res idues  proceeded with a r e s u l t  d i f f e r i n g  from 
t h e  behavior of homopolymers of Leuchs anhydrides of S- 
benzylcysteine ( 1 7 ) .  Also, the NCA of t h e  d i f f i c u l t l y  obtain- 
able d e r i v a t i v e s  of a rg in ine  had not  been reported.  
behavior of eighteen ii2iis on p o i p e r i z a t i o n  and dederivat iza-  
t i o n  could, a l so ,  no t  be expected t o  proceed smoothly. 
Spec ia l  and separa te  handling of the der iva t ives  of a rg in ine  
NCA and h i s t i d i n e  NCA had, i n  f a c t ,  t o  be developed. 

Application of s tandard Leuchs procedures could not  be 

The 



- 3 -  

MATERIALS AND METHODS 

The polyanhydro-a-amino ac ids  prepared w e r e  a pro te inoid  
from equimolar r a t i o s  of NCAs (ERLP), one from t h e  same 
monomers without h i s t i d i n e  (ERLP-H) , one containing amino 
ac ids  i n  approximately an average r a t i o  f o r  p ro te in  (15; NRLP), 
and a polymer imi t a t ing  t h e  r a t i o s  of a thermal 2:2:3- 
p ro te ino id  (18) . 

In the f i rs t  syntheses c a r r i e d  ou t ,  nine free amino ac ids ,  
t h e  benzyl de r iva t ives  of th ree  e t h e r i f i a b l e  amino ac ids ,  and 
0-acetyl-D&-threonine w e r e  simultaneously converted t o  Leuchs 
anhydrides-by phosgene i n  dioxane, and t h e  f i v e  f r e s h l y  pre- 
pared and f r e s h l y  r e c r y s t a l l i z e d  NCAs of the  basic and a c i d i c  
amino ac ids  w e r e  added p r i o r  t o  t h e  polymerization. I n  l a te r  
syntheses,  the  process was s impl i f i ed  by combining nine f r e e  
amino ac ids  and seven protected amino ac ids  i n  t h e  same mix- 
t u r e  and converting these  s ix t een  t o  NCAs simultaneously, and 
then adding f r e s h l y  r e c r y s t a l l i z e d  NCAs of de r iva t ives  of &- 
arg in ine  and of &-his t id ine .  This l a te r  addi t ion  of t h e  two 
basic NCAs w a s  necessary s i n c e  t he  NCAs of pro tec ted  a rg in ine  
and of pro tec ted  h i s t i d i n e  cannot be prepared by t h e  phosgene 
procedure used for  t h e  o t h e r  amino ac ids .  The d e t a i l s  pre- 
sen ted  below are f o r  preparat ion of one of t h e  polymers, 
t h e  NRLP. 

Dry phosgene w a s  slowly introduced with s t i r r i n g  i n t o  a 
f i n e l y  powdered mixture of 0.495 g.  of g lyc ine ,  0.483 g.  of 
&-alanine, - 0.420 g. of &-proline, 0.428 g. of &-valine, 
0.149 g. of &-methionine, 0.480 g. of &-isoleucine,  0.480 g. 
of &-leucine; 0.402 g. of L-phenylalanine, 0.148 g.  of &- 
tryptophan, 0.850 g. of 0-Eenzyl-&-serine ( 1 9 ) ,  0.550 g s  of 
0-acetyl-E&-threonine (20), 0.165-g. of S-benzyl-&-cysteine 
(21), and-'72.526 g .  of 0-benzyl-&,-tyrosine ( 2 2 )  i n  250 m l .  of 
dry dioxane i n  a water bath a t  S O 0  u n t i l  a clear so lu t ion  
r e su l t ed .  A stream of dry n i t rogen  w a s  then passed through 
t h e  r eac t ion  mixture f o r  one hour a t  room temperature t o  
remove unreacted phosgene. The so lven t  w a s  removed by reduced 
pressure  a t  40°. The r e s idua l  o i l  w a s  t r e a t e d  with petroleum 
e t h e r  and d r i e d  i n  a vacuum des icca tor .  The o i l  w a s  disso lved  
i n  200 m l .  of dry acetone and added t o  4.0 g .  of dry s i l v e r  
oxide. The mixture was s t i r r e d  u n t i l  chlor ide-free.  The 
suspension w a s  f i l t e r e d ,  and t h e  acetone i n  t h e  f i l t r a t e  
removed under reduced pressure.  The r e s i d u a l  o i l  w a s  d i sso lved  
i n  200 ml. of dry dioxane and t o  t h i s  w a s  added, f r e s h l y  pre- 
pared, 0 945 g .  of Nc=carbobenzoxy-&-lysine NCA (23) ,  1.570 g . 
of Na,Nw -dicarbobenzoxy-&-arginine-NCA ( 2 4 )  made f r o m  2 -66  9. 
of Na8NW,NW'-tricarbobenz~xy-~-arginine with thioxql ch lo r ide ,  
0.375 g. of Nim-benzyl-&-histidine - NCA (25) i n  20 m l .  of 
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dioxane, 1.320 g .  of &-aspart ic  ac id  NCA B-benzyl ester (26)  , 
and 1 .670  g. of L-gluhmic acid NCA y-benzyl ester ( 2 6 ) .  To 
t h i s  so lu t ion  w a s  added 0.15 m l .  of t r ie thylamine  as i n i t i a t o r  
and t h e  mixture w a s  s t i r r e d  a t  room temperature f o r  one week. 
The so lu t ion  w a s  heated i n  a bo i l ing  w a t e r  bath for  2 h r .  By 
t h e  use of reduced pressure,  dioxane w a s  reduced i n  volume t o  
one-third,  and t h e  remaining l i q u i d  was poured i n t o  1 1. of 
w a t e r  wi th  s t i r r i n g .  
washed with w a t e r  and dr ied .  Yield, 8.0 g .  M.W. = 3,630, 
la165 = -27.6O (c 2.55, d ich loroace t ic  a c i d ) .  This pro tec ted  
polymer i s  so lub le  i n  formic acid,  dimethylformamide, and i n  
d i cn io roace t i c  acid,  and is s l i g h t l y  so lub le  i n  g l a c i a l  acetic 
ac id .  I t  is  inso luble  i n  w a t e r ,  e t h e r ,  and i n  dioxane. 

The polymer w a s  c o l l e c t e d  - by f i l t r a t i o n ,  

For removal of the pro tec t ing  groups, 4 . 0  g. of t h e  
polymer and 0.8 g. of m e t a l l i c  sodium w e r e  a l t e r n a t e l y  added 
i n  por t ions  t o  1 0 0  m l .  of l i q u i d  ammonia w i t h  s t i r r i n g .  The 
addi t ion  of sodium w a s  r a p i d  enough t o  maintain a blue co lo r  
i n  the l i q u i d .  F i f t e e n  minutes a f t e r  t h e  addi t ion  w a s  complete 
as judged by pe r s i s t ence  of blue co lor ,  t h e  excess sodium w a s  
discharged with ammonium chlor ide;  t h e  axtnnonia w a s  allowed t o  
evaporate spontaneously a t  room temperature . The residue was 
dissolved i n  30 m l .  of w a t e r  w i t h  s t i r r i n g ,  t h e  small quan t i ty  
of undissolved material was removed by f i l t r a t i o n ,  and t h e  
f i l t r a t e  w a s  a c i d i f i e d  t o  p H  3 with 3 N hydrochloric acid.  
The p r e c i p i t a t e d  f r a c t i o n  w a s  c o l l e c t e d  by cen t r i fuga t ion ,  
washed w i t h  w a t e r ,  and lyophi l ized.  T h e  so luble  f r a c t i o n  was 
dialyzed with water f o r  one day and lyophi l ized .  
f r a c t i o n  w a s  0.4 g. and the soluble  f r a c t i o n  1.0 g. P o s i t i v e  
r eac t ions  w e r e  observed with b i u r e t ,  Sakaguchi, Millon, Pau l i ,  
and Ehr l i ch ' s  aldehyde c o l o r  tests. Amino ac id  compositions 
of hydrolyzates ( 6  N HC1) of t h e  water-soluble f r a c t i o n  are 
depicted i n  Fig. 1. 

The inso luble  

The o t h e r  pro te inoids  w e r e  prepared by using equimolar 
ra t ios  of NCAs, t h e  same w i t h  t h e  omission of histidine-NCA 
de r iva t ive ,  and with r a t i o s  of 2 a s p a r t i c  acid:2 glutamic acid:  
3 of to ta l  bas ic -neut ra l  amino ac ids  t o  provide a polymer 
i m i t a t i n g  compositionally an  analogous thermal 2:2:3-proteinoid. 

A l l  of t h e  p ro te ino ids  had water-soluble f r a c t i o n s  whereas 
t h e  pro tec ted  d e r i v a t i v e s  w e r e  water-insoluble.  The lat ter 
w e r e  so luble  i n  formic acid, dimethylfonnamide, and dichloro-  
acetic ac id  bu t  i n so lub le  i n  water, e t h e r ,  and dioxane, and 
w e r e  p o s i t i v e  t o  t h e  co lo r  tes ts  l i s t e d  above. 

Determination of molecular weights of pro tec ted  polymers 
w a s  accomplished by t i t r a t i o n  i n  dimethylformamide s o l u t i o n  
with M/50 sodium methioxide with thymol b lue  as i n d i c a t o r .  
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Molecular weights of unprotected polymers w e r e  determined 
on t h e  Spinco Model E a n a l y t i c a l  u l t r a c e n t r i f u g e  and by C- 
t e rmina l  ana lys i s  (27) unless otherwise indicated.  

Amino ac id  compositions of hydrolyzates of each f r a c t i o n  
prepared w i t h  r e d i s t i l l e d  6 N CH1 w e r e  determined by t h e  method 
of Spackman, S te in ,  and Moore (28) on a Model K-5000 Phoenix 
automatic amino ac id  analyzer. Tryptophan contents  w e r e  deter-  
mined spectrophotometrically on t h e  unhydrolyzed polymers (29). 

C-Terminal amino ac id  analyses w e r e  performed with t h e  
S r a d b u r ~  modif icat ion of the Akabori hydrazinolysis  method 
(27) by use of cor rec t ion  f a c t o r s  suppl ied by D r .  K. Harada. 

To test the  supposi t ion t h a t  o p t i c a l l y  a c t i v e  Leuchs 
anhydrides r e t a i n  this a c t i v i t y  i n  Leuchs pro te inoids  as they 
a r e  known t o  do i n  o t h e r  polymers, t h e  following test w a s  
performed. His t id ine- f ree  ERLP (50  mg.) w a s  hydrolyzed with 
6 m l .  of 5.5 N r e d i s t i l l e d  hydrochloric ac id  a t  l l O o  C f o r  
24 hr. ,  i n  a sea led  evacuated tube. After decolorizing w i t h  
a weighed amount of Nori t  A, 200 mg., t h e  sample w a s  reduced 
t o  2.00 m l .  of 5.5 N H C 1  and read i n  a polar imeter  equipped 
w i t h  photometer. The value obtained w a s  cor rec ted  f o r  the  
incomplete recovery of amino a c i d s  from t h e  polymer. For com- 
parison,  L-amino ac ids  (except f o r  p&-threonine) i n  the same 
proport ions as i n  t h e  polymer w e r e  c a r r i e d  through t h e  i d e n t i c a l  
procedure . 

The rate of hydrolysis  of p-nitrophenyl acetate i n  the 
absence and i n  the  presence of t h e  h is t id ine-conta in ing  
pro te inoids  w a s  measured with a Bausch and Lomb Spectronic  20 
color imeter  a t  400 mp,  wi th  samples of each pro te inoid  contain- 
ing  equiva len t  amounts of h i s t i d i n e  i n  polymeric form, per  
5.0 m l .  of pH 6.8 hosphate b u f f e r  (0.067 M )  so lu t ion  having 
4 %  dioxane and 10-5 M p-nitrophenyl acetate, temp. 30' C. 
The s tandard free h i s t i d i n e  concentrat ion w a s  10  mg. per 1. of 
pH 6.8 phosphate b u f f e r  so lu t ion .  Pro te inoid  concentrat ion,  
except for  h i s t i d i n e - f r e e  ERLP, w a s  based on the amount of 
h i s t i d i n e  i n  polymeric form. This w a s  ca l cu la t ed  from t h e  
r e s u l t s  of amino ac id  ana lys i s  of t h e  hydrolyzate.  The concen- 
t r a t i o n  of h i s t i d i n e - f r e e  ERLP w a s  t h e  same as for o t h e r  
proteinoids .  
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RESULTS 

I n  Fig. 1, t h e  amino acid p r o f i l e  of t h e  automatic ana lys i s  
of NRLP and of t h e  a-amylase of Bac i l lu s  stearothermophilus are 
compared. I n  order  t o  permit c lose  graphica l  comparison, t h e  
chromatograms through va l ine  a r e  placed one above t h e  o the r  and 
t h e  ranges from methionine through arg in ine  are s i m i l a r l y  
matched i n  the t w o  lower t r ac ings .  The similarities of t h e  two 
analyses  are not  merely q u a l i t a t i v e ,  as t h e  i n t e r d i g i t a t e d  
chromatograms show. One q u a l i t a t i v e  d i f f e rence  is visible; 
some c y s t e i c  a c i d  1s produced i n  the synthesis or  hydrolysis  of 
Leuchs pro te inoid .  Also, although t h e  a-amylase is  i n  genera l  
q u i t e  typical of p ro te in  i n  i t s  amino ac id  composition, it lacks 
tryptophan, The pro te inoid  contains ,  however, 5.0% of t ryp to-  
phan. 

i n d i c a t e  q u i t e  c l e a r l y  t h a t  t h e  proportion of any amino ac id  
i n  t h e  polymer can be regulated by t h e  proportion i n  t h e  
r eac t ion  mixture.  

Comparisons of analyses  of t h e  o t h e r  t h r e e  pro te inoids  

I n  T a b l e  I are given the  mean molecular weights and t h e  
s p e c i f i c  r a t i o n s .  The hydrolyzate of h i s t i d i n e - f r e e  ERLP 
showed [a]!' = +6.03O (c = 1.73) as aga ins t  +6.20° for t h e  
mixture of - & amino ac ids  i n  the same proport ions.  

I n  Table I1 are presented amino a c i d  compositions of 
ERLP, water-soluble and water-insoluble f r a c t i o n s .  Comparison 
of t h e  analyses of t h e  pro tec ted  polymer and of t h e  f r eed  
polymer confirm t h e  observations t h a t  removal of hydrogenoly- 
zable groups w a s  complete. This s t a g e  w a s  determined during 
synthes is  by pe r s i s t ence  of blue c o l o r  upon successive addi- 
t i o n s  of sodium t o  t h e  l i q u i d  ammonia so lu t ion .  The absence 
of s u b s t i t u t e d  groups i s  corroborated by t h e  absence of unex- 
p la ined  peaks i n  Fig.  1. Prior t o  S-debenzylation t h e  
pro tec ted  p ro te ino id  gave on aqueous ac id  hydrolysis  S-benzyl- 
cys te ine  bu t  no c y s t i n e  nor  c y s t e i c  a c i d  whatever. 
ac ids  w e r e  found i n  t h e  hydrolyzate of t h e  free pro te inoid ,  as 
t h e  analyses  show. 
w e r e  a l s o  determined q u a n t i t a t i v e l y  by amperometry, Likewise , 
h i s t i d i n e  w a s  absent  from the  hydrolyzate of t h e  p ro tec t ed  
polymer, b u t  im-benzylhistidine w a s  recovered. S imi la r ly ,  
t y ros ine  and methionine w e r e  l a r g e l y  decomposed i n  t h e  hydroly- 
sis of t h e  pro tec ted  polymer, b u t  are found i n  s u b s t a n t i a l  
proportion i n  t h e  unprotected pro te inoid .  

These amino 

The su l fhydry l  group of t h e  Leuchs pro te inoid  

Table I11 gives  comparable d a t a  f o r  t h e  2:2:3-Leuchs 
pro te inoid .  
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GLU 

SER ASP 
ALA Synthetic polymer 

G LY 

Jt IS0 CN.COLUUM.SO~pW325.0.2N No C I T R A T E  -+I-- 50.. 

GLU a-Amylase of 

- B stearothermophilus 

240 280 32 0 EFFLUENT d. 140 160 I80 2 0 0  
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n 
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Fig. 1. I n t e r d i g i t a t e d  chromatograms of hydrolyzates of 
s y n t h e t i c  and n a t u r a l  polymers from automatic 
amino ac id  analyzer.  
chromatograms a r e  from n a t u r a l  r a t i o  Leuchs 
pro te inoid ,  second and f o u r t h  l i n e s  are from 
a-amylase of Bac i l lu s  stearothermophilus.  

F i r s t  and t h i r d  l i n e s  of 



TABLE I 

C o n s t a n t s  of Leuchs P r o t e i n o i d s  

P r o t e i n o i d  #.w. 25 fa! ,, 

Natural Ratio 

Equimolar  R a t i o  

51405' -47.7' (c 2.38, w a t e r )  

3750 -15.3O (c 0.89, w a t e r j  

H i s t i d i n e - f  ree 2500 -18.8O (c 0.96, w a t e r )  
Equimolar  R a t i o  

- 4 5 . 4 O  (c 1.36,  w a t e r )  b/ 7030- 



- 9 -  

TABLE I1 

Amino Acid Compositiong’of Equimolar Ratio 

Leuchs Proteinoid- b/ 

Equimolar Rat io  Leuchs 
Proteinoid (ERLP) 

Amino Acid Protected (P )  Water- Water- C-Terminal Analysis of 
EFUP solublezl inso luble  Water-soluble f r a c t i o n  

Lysine 
Hi s t id ine  
Arginine 
Cysteic a c i d  
Aspart ic  a c i d  
Threonine 
Serine 
Glutamic a c i d  
Pro l ine  
Glycine 
Alanine 
Half -cyst ine 
Valine 
Methionine 
I s oleuc i n e  
Leucine 
Tyrosine 
Phenylalanine 
Tryptophan 

4.49 
0.00 
6.71 
0.00 
7 . 6 6  
5.41 
3-30 
8.02 
7.10 
5 . 4 b  
7.01 
7.291 
6.55 
2.Y1 
5-77 
8.05 
1.56 
7 . 2 1  
- e/ 

5.86 
8.84 
2.19 . 92 
5.53 
5 -34 
6 -40 
8.84 
7.31 
6 -64 
8.07 
5.00 
3.60 
4 -12 
2 -53 
5.12 
4 -07 
4.64 
4.98 

8.68 
2.56 
4.54 
0.26 
4.35 
3.43 
3.58 
6.32 
3.63 
3.29 
6.39 
2.16 
8.17 
6.77 
7.98 

11.43 
7.49 
9.08 
- e/ 

5’s. amino ac id  residue/100 g .  polymer 

GI-. = 3 , 0 0 0 ,  by C-terminal ana lys i s  

z/Recovery i n  snal: s is ,  83% 

8.89 
15.85 

tr.  
3.76 

11.40 
6.17 

11.32 
5.49 
5.45 
5.81 
6.16 
4.30 
2.39 
2.22 
2.01 
2.79 
2.95 
3.04 
tr .  

CIS-benzylcysteine 

E’Not de t ’d .  
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TABLE I11 

Amino A c i d  Compositiona’of 

2:2:3-Leuchs P r o t e i n o i d -  b/ 

C-Terminal 2 : 2 : 3-Leuchs 

(2:2:3) Thermal water-soluble water-soluble 
P r o t e i n o i d  Analysis of 

frac tiCmc/ x lractiori Amino A c i d  P r o t e i n o i d  Proteinoid 

L y s i n e  
H i s t i d i n e  
Argin ine  
C y s t e i c  acid 
A s p a r t i c  acid 
Threonine  
Se r ine  
G l u t a m i c  acid 
P r o l i n e  
Glycine 
A l a n i n e  
Hal f -cys t ine  
V a l i n e  
Methionine 
I soleucine 
Leucine 
T y r o s i n e  
Phenyl a l an ine  
Tryptophan 

6.91 
0.00 
2.49 
0 .00  

57.39 
0 -15  
0.25 

13.60 
6.11 
1.84 
4.06 
2.32d/ 
1.13 
0.09 
0.96 
1.34 
t r .  

1 .37  
el 

5.85 
2.19 
2.53 
0.00 

54.50 
0.00 
0.00 

12.59 
0.66 
3.32 
4.70 
3.78 
1.32 
2.07 
1.36 
1.25 
2.07 
1.80 

e/ 

a/g. amino acid/100 g.  polymer 

k’M = 7,000 by C-terminal a n a l y s i s  

S’Recovery i n  analysis,  70 . 8% 

5’s-benzyl c y s t e i n e  

E’Not det’d 

9.77 
2.85 
1 .81  
2.68 

41.23 
1.05 
0.17 

15. 35 
5.94 
2.72 
5.48 
0.14 
0.90 
1.58 
1.11 
1 .71  
1.86 
2.23 
1 .43  

8.72 
6.27 
t r .  

7.07 
41.97 

t r .  
5.14 
9.14 
6.33 
6.82 
8.54 
t r .  
tr.  
tr.  
tr .  
tr.  
t r .  
tr. 
tr .  
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I n  T a b l e  I V  a r e  recorded the in :  
m e r s  containing h i s t  
h i s t i d i n e ,  upon t h e  
ni t rophenyl  ace t a t e .  

luence of var ious poly- 
i d ine ,  and of a Leuchs proteinoid lacking 
r e l a t i v e  rate of hydrolysis  of p- 

TABLE IV 

Inf luence of Var ious  Fonns of Hi s t id ine  on Rate 

of Hydrolysis of p-Nitrophenyl A c e t a t e  

Conc'n of Conc'n of R a t e  r e l a t i v e  t o  
Compound compound/l . h i s t i d i n e / l .  t h a t  of h i s t i d i n e  

&-Histidine - 10 mg. 1 0  1 .0  

N R L P  4 4 1  1 0  2.9 

(2:2:3) LP 415 10 1.7 

ERLP 173  1 0  2.7 

200 His t id ine- f ree  
ERLP 

Histidine-f ree 

h i s t i d i n e  
ERLP p lus  200 + 1 0  1 0  

0.5 

2 . 1  
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DISCUSSION 

Figure 1 demonstrates t h a t  t he  composition of a pro te in  
can be c lose ly  imitated by su i t ab ly  combining the NCAs of the 
eighteen amino ac ids  common t o  pro te in .  Nine of t h e  amino 
ac ids  are first appropr ia te ly  protected by der iva t ives ;  t h e  
s u b s t i t u t i n g  groups need t o  be simultaneously removable by 
hydrogenolysis,  N o  at tempt was made t o  p a t t e r n  t h e  n a t u r a l  
ratio Leuchs proteinoid p rec i se ly  on t h e  composition of the 
a-amylase of Baci l lus  s tearo themophi lus .  What w a s  done, 
i n s t ead ,  w a s  t o  attempt t o  produce a C O K L ~ O S ~ ~ ~ O A  xhich w a s  
t y p i c a l  of a l l  pro te ins ,  s ince a l l  p ro te ins  f a l l  i n t o  a 
moderately narrow range compositionally (15) . The a-amylase, 
then,  except for  lacking tryptophan, was a t y p i c a l  p ro te in  
i n  composition and proved to  be comparable t o  t h e  syn the t i c  
polymer. Figure 1 br ings  o u t  these comparisons graphica l ly ,  
e s p e c i a l l y  i n  the lysine-his t idine-arginine-ser ies  of peaks, i n  
the tyrosine-phenylalanine series, and i n  the  methionine- 
isoleucine-leucine series. A s m a l l  invers ion i n  q u a n t i t a t i v e  
r e l a t i o n s h i p  appears between glycine and alanine,  b u t  not  i n  
t h e  r e l a t i o n s h i p  t o  va l ine .  In  the a s p a r t i c  acid-threonine- 
ser ine-glutamic acid-prol ine r e l a t ionsh ips  t h e  r e l a t i v e  amounts 
are again comparable, except for  a s l i g h t  inversion between 
threonine and s e r i n e  i n  t h e  comparison of s y n t h e t i c  polymer 
w i t h  t h e  n a t u r a l  polymer, 

When t h e  d a t a  of t h e  Leuchs n a t u r a l  ra t io  pro te inoid  a r e  
compared with those of t he  equimolar r a t i o  pro te inoid  
(Tzble 11) and of t h e  2:2:3 var i e ty  (Table 111), proportions 
i n  the polymer a r e  found t o  vary w i t h  proport ions i n  the 
reac t ion  mixture.  Thus, i n  p r inc ip l e ,  any composition may be 
i m i t a t e d  i n  synthes is .  

Accordingly, f o r  n u t r i t i o n a l  i nves t iga t ion  of amino acids 
bound by pept ide bonds, and f o r  o the r  i nves t iga t ions ,  t h e  
Leuchs polymers containing as many as eighteen types of amino 
a c i d  o f f e r  unique value as e a s i l y  va r i ed  models of pro te in .  
The u t i l i t y  t o  n u t r i t i o n a l  i nves t iga t ion  has been shown by the 
f a c t  that the polymers are u t i l i z e d  by Tetrahym 
R ( 7 ) .  The ease of preparing Leuchs pro te inoids  w i t  s ing  e 
amino acids omitted a f fo rds  an opportuni ty  t o  determine m o r e  
p r e c i s e l y  the  r o l e  of ind iv idua l  amino ac ids  i n  p ro te in  
n u t r i t i o n  ( 1 2 ) .  

The f a c t  t h a t  Leuchs pro te inoids  show s o m e  d i v e r s i t y  i n  
c o n s t i t u t i o n  i s  brought ou t  by comparison of t he  w a t e r -  
so luble  and water-insoluble f r ac t ions  of t h e  equimolar r a t i o  
LP of T a b l e  11. A p r i n c i p a l  po in t  made by this comparison is  
t h a t  both f r a c t i o n s  of t h e  proteinoid contain some proport ion 
of a l l  of t h e  amino ac ids  reacted.  This type of r e s u l t  w a s  
found with t h e  f r a c t i o n s  of each of t h e  polymers. 
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Correlat ions between types of amino ac id  and water solu- 
b i l i t y  o r  i n s o l u b i l i t y  can be i n f e r r e d  by comparing ind iv idua l  
va lues  between columns 1 and 2 i n  T a b l e  11. The w a t e r -  
i n so lub le  pro te inoid  i s  markedly higher  i n  t h e  contents  of 
l y s i n e ,  a rg in ine ,  va l ine ,  methionine, i so leuc ine ,  leucine,  
t y ros ine ,  and phenylalanine.  A l l  of these amino ac ids  are 
a l l  of those which have t h e  l a r g e s t  s t r a i g h t  chain hydrocarbon 
moieties i n  the residue.  

Comparison of t h e  amino ac id  conten ts  of the pro te inoid  
( T a b l e  11) with the molar proportions of t h e  amino acids i n  
~ i l e  reaction mixture shows some d i f fe rences  between canposi t ion 
of reac t ion  mixture and of reac t ion  product.  I n  t h e  r eac t ion  
mixture,  each amino ac id  is present  as such o r  as de r iva t ive  
t o  t h e  ex ten t  of 5.5 molar %. Three are present  i n  the reac- 
t i o n  product t o  a f i g u r e  50% g r e a t e r  than i n  t h e  reac t ion  
mixture:  l y s i n e ,  leucine,  and phenylalanine.  One, cys t ine ,  
is present  t o  a markedly less degree. S l i g h t l y  m o r e  than 
half of t h e  cys t ine  introduced i n t o  the  reac t ion  mixture is  
found i n  t h e  product.  T h e  loss of cys t ine  i s  e a s i l y  explained 
by t h e  known i n s t a b i l i t y  of c y s t i n e  NCA ( 2 9 ) .  

LL 

The C-terminal analyses of the  2:2:3-proteinoid of 
T a b l e  I11 revea l  t e n  amino ac ids  i n  t h i s  pos i t i on  i n  traces 
only.  Accordingly, less heterogenei ty  by t h i s  c r i t e r i o n  is 
indica ted  for  t h i s  polymer than is observed i n  t h e  ERLP 
(Table 11). A t e n t a t i v e  explanat ion f o r  t h i s  e f f e c t  i s  based 
on t h e  r e l a t i v e l y  l a r g e  proportion of a s p a r t i c  ac id  which may 
induce s o m e  ordering. In  the  thermal 2:2:3-proteinoid, t h e  
proportion of a s p a r t i c  ac id  is  also approximately 50%, and 
evidence f o r  l imi t ed  heterogeneity i n  t h a t  polymer w a s  
obtained (18) .  

containing Leuchs pro te inoids  i s  m o r e  a c t i v e  than t h e  equiva- 
l e n t  weight of free h i s t i d i n e  i n  ca ta lyz ing  t h e  hydrolysis  
of 2-nitrophenyl acetate. The m o s t  active w a s  found t o  be 
the NRLP, which was approximately 3 times as active as the 
amount of h i s t i d i n e  it contained, when tested i n  the free 
state. Of m o s t  relevance is t h e  fact  t h a t  while t he  h i s t i d i n e -  
f r e e  pro te inoid  is b u t  ha l f  as active as h i s t i d i n e ,  t h e  same 
mate r i a l  t e s t e d  simultaneously with t h e  s tandard amount of 
h i s t i d i n e  shows a c t i v i t y  t w i c e  as g r e a t  as t h a t  of t h e  
h i s t i d i n e  alone. F r o m  t h i s  r e s u l t ,  one may i n f e r  a)  t h a t  
the polymer enhances the  i n t r i n s i c  a c t i v i t y  of h i s t i d i n e  i n  
t h i s  r eac t ion  and b) t h a t  appropr ia te  incorporat ion of t h e  
h i s t i d i n e ,  a s  by pept ide bonds, enhances such a c t i v i t y  f u r t h e r .  

The r e s u l t s  of T a b l e  I V  show t h a t  each of t h e  h i s t i d i n e  
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